Dendritic cells (DCs) represent key professional antigen-presenting cells capable of initiating primary immune responses. A specialized subset of DCs, the Langerhans cells (LCs), are located in the stratified squamous epithelial layer of the skin and within the mucosal epithelial lining of the vaginal and oral cavities. The vaginal mucosa undergoes cyclic changes under the control of sex hormones, and the renewal characteristics of the vaginal epithelial DCs (VEDCs) remain unknown. Here, we examined the origin of VEDCs. In contrast to the skin epidermal LCs, the DCs in the epithelium of the vagina were found to be repopulated mainly by nonmonocyte bone-marrow-derived precursors, with a half-life of 13 days under steady-state conditions. Upon infection with HSV-2, the Gr-1 hi monocytes were found to give rise to VEDCs. Furthermore, flow cytometric analysis of the VEDCs revealed the presence of at least three distinct populations, namely, CD11b ؉ F4/80 hi , CD11b ؉ F4/80 int , and CD11b ؊ F4/80 ؊ . Importantly, these VEDC populations expressed CD207 at low levels and had a constitutively more activated phenotype compared with the skin LCs. Collectively, our results revealed mucosa-specific features of the VEDCs with respect to their phenotype, activation status, and homeostatic renewal potential.
D
endritic cells (DCs) are the most potent initiators of adaptive immune responses (1) . Several DC subsets have been defined based on their surface markers, anatomical localization, morphology, and lineage. The Langerhans cells (LCs) reside within the stratified squamous epithelial layer of the skin and of the mucosal epithelial layer lining the ocular, vaginal, cervical, and oral surfaces (2) (3) (4) . LCs are well situated and equipped to ingest foreign antigens that breach these protective layers. Upon activation, LCs increase their expression of MHC class II and costimulatory molecules and migrate to the T cell areas of regional lymph nodes (LNs), where they initiate adaptive immune responses by presenting antigenic peptides to naive lymphocytes (5) . However, in the mouse model of HSV infection, LCs have been found to be dispensable for generation of effector T cell responses (6, 7) . Additionally, conflicting results have been found as to whether LCs are involved in the priming of T cells during contact hypersensitivity (8) (9) (10) . Thus, the importance of LCs in the generation of immunity vs. tolerance remains quite controversial.
The discoveries that skin LCs are renewed by local noncirculating precursors under steady-state conditions (11) and that only under inflammatory conditions do Gr-1 hi monocytes migrate into the skin and give rise to LCs (12) reveal the unique biology of the skin LCs compared with dermal DCs or bloodderived DCs. In murine blood, at least two distinct types of monocytes are present, characterized by low (Gr-1 lo ) or high (Gr-1 hi ) expression of Gr-1. Gr-1 lo monocytes express high levels of CX 3 CR1, whereas Gr-1 hi monocytes express CC chemokine receptor (CCR)2 and moderate levels of CX 3 CR1 (13, 14) . Moreover, CCR2 expression on Gr-1 hi monocytes is indispensable for their recruitment into peripheral tissues under inflammatory conditions (15) . Whether monocytes give rise to DCs in the vagina during the normal female sexual cycle or under inflammatory conditions is unknown.
Sexually transmitted infections (STIs) with HIV-1, gonorrhea, chlamydia, trichomoniasis, candidiasis, and HSV-2 are transmitted via the genital mucosa and represent a major threat to human health worldwide. Despite being the major transmission route for these STIs and, therefore, of tremendous importance in prevention and treatment, the immunology of the reproductive tract remains severely understudied. Unlike the external skin, the female reproductive tissues undergo cyclical changes that are governed by the sex hormones, including changes in both the epithelial layer and the accompanying LC populations. In the murine vaginal epithelium, four subgroups of the vaginal epithelial dendritic cells (VEDCs) have been described based on immunohistochemical analysis of the MHC class II molecules and other DC markers (16) . The four types of VEDCs are defined as I-A ϩ /F4/80
Ϫ , and none of these populations expresses macrophage markers MOMA-1 or MOMA-2. The VEDCs have been found to contain Birbeck granule-like structures that fail to form the typical tennis-racket shape (17) . Similar to the skin LCs, VEDCs have been shown to take up transluminally applied FITC-labeled tracers (18) . Collectively, these studies underscore the complexities of the VEDCs in the murine vaginal epithelium that occupy their niche under hormonal influences. Although DCs in the vaginal epithelium have been assumed to be similar to the LCs present in the skin epidermis, their homeostasis and lifecycle remain unclear. Here, by employing a variety of in vivo approaches, we examined the origin and the phenotype of DCs that repopulate the vaginal epithelia of mice.
Results
Origin of the VEDC. In lethally irradiated mice reconstituted with bone marrow (BM) transplants, LCs in the skin are repopulated by the host-derived precursors under steady-state conditions (11) . To examine the homeostasis of the DC in the epithelia of the vagina, we used three distinct approaches. First, we examined VEDC turnover by using whole body irradiation, a procedure used by many to determine the turnover rate of various cell types in vivo. To this end, we reconstituted lethally irradiated CD45.2 ϩ mice with BM cells isolated from the congenic CD45.1 ϩ donor mice. Eight weeks after transplantation, chimeric mice were treated with progesterone (Depo-Provera) to synchronize them into diestrus. As reported in refs. 6, 11, 19 , and 20, LCs in the skin were found to remain of the host (CD45.2) origin (Fig. 1A) . In contrast, VEDCs were found to be repopulated by the progen-itors of the BM origin (CD45.1) (Fig. 1B) . To determine the turnover rate of VEDCs, we examined the percentages of donor vs. host by flow cytometry. After irradiation and transplantation with donor BM cells, VEDCs were found to be repopulated by donor-derived precursors with a half-life of 13 days (Fig. 1C) . The rapid repopulation of the VEDCs was not attributable to the influence of the injected hormones, because mice that had not been injected with Depo-Provera also reconstituted VEDCs with similar kinetics (Fig. 1C) . Indeed, a large number of CD45.1 ϩ cells (donor) were rapidly recruited into the vaginal epithelium, but not the skin, after BM transfer [supporting information (SI) Fig. 6 ]. Thus, these data indicate that VEDCs repopulate from circulating BM precursors.
Next, we measured the labeling kinetics of VEDCs in mice during continuous administration of BrdU (21) . The labeling kinetics of VEDCs demonstrates how quickly these cells arise from precursor cells at steady state. As reported in ref. 21 , skin LCs incorporated BrdU very slowly, whereas splenic DCs were rapidly repopulated by dividing precursor (Fig. 1D) . Compared with their skin counterpart, VEDCs became labeled with much faster kinetics (Fig. 1D) .
Furthermore, we used a recently described method of investigating DC regeneration in DC-depleted mice (22) . To this end, we used the CD11c-DTR 3 WT BM chimeric mice (SI Materials and Methods). By removing the diphtheria toxin receptor (DTR) from the stromal compartment, we were able to carry out long-term diphtheria toxin (DT) injection and DC depletion without lethality, as described in refs. 23 and 24) . Repeated DT injection eliminated CD11c ϩ GFP ϩ DCs in various organs but not in the skin epidermis, because skin LCs remained of the WT origin (SI Fig. 7 A and B) . Total BM cells from CD45.1 congenic mice were transferred into DC-depleted mice, and their ability to reconstitute VEDC was examined (SI Fig. 7C ). DC depletion in the CD11c-DTR 3 WT chimeric recipients promoted efficient repopulation of VEDCs by the donor BM cells within 10 days of transplantation (SI Fig. 7C ), and similar repopulation of lung DCs also occurred after BM transplantation, as described in ref. 22 (Fig. 2A ). In the vaginal epithelium of mice treated with estradiol, a reduced number of the CD11b Ϫ F4/80 Ϫ VEDC population was observed. In contrast to VEDCs, the LCs in the skin epidermis consisted of only one dominant population being CD11c ϩ MHC II ϩ F4/80 ϩ CD11b ϩ . Furthermore, in the inguinal LNs draining the vagina and the skin, a minor population of CD11b ϩ F4/80 hi DCs was detected (Fig. 2 A) . Consistent with our previous report (7), the CD11c ϩ MHC II ϩ population was abundantly present in the vaginal epithelium at the diestrous stage after progesterone treatment. During diestrus, the density of DCs present in the vaginal epithelium increased by Ͼ3-fold compared with the estrous stage induced by estradiol treatment (Fig. 2B ). The frequency of VEDCs in estrus was similar to that of LCs present in the epidermis of the external skin (ear) of the mouse.
To examine the activation status of the skin LCs and VEDCs under steady-state condition, we analyzed their respective expression of the costimulatory molecule CD86. Epidermal LCs of the skin displayed low levels of CD86 (Fig. 2C ). In contrast, higher levels of CD86 expression were detected on the VEDCs at diestrous and estrous stages. Consistent with this expression pattern, MHC class II levels on VEDCs were also higher than on skin LCs (Fig. 2 A) . Thus, these results indicate that VEDCs comprise at least three distinct subsets and that they exhibit a constitutively activated phenotype in the vaginal epithelium in situ.
Langerin Expression on DCs in the Skin Epidermis Vs. Vaginal Epithelium. Langerin (CD207) is specifically expressed on the LCspecific intracellular organelles of skin LCs known as Birbeck granules (25) . Thus, we examined whether VEDCs express CD207 by using the mAb 929F3 to detect intracellular CD207 (26) . Our analyses revealed that CD207 was highly expressed in the LCs of the skin epidermis (Fig. 3A) . A subpopulation of the MHC class II ϩ DCs in the dermis also expressed CD207, likely representing the LCs in transit. In contrast, in the vaginal epithelium and lamina propria, low levels of CD207 were detected within CD11c ϩ MHC class II ϩ DCs at diestrous stage after Depo-Provera treatment (Fig. 3B) . The level of CD207 on VEDCs at estrus after estradiol treatment became almost undetectable (Fig. 3C) . The reduced level of CD207 protein expression correlated with the reduction in the mRNA level of CD207 by VEDCs compared with skin LCs (SI Fig. 8) . Furthermore, we asked whether VEDCs were able to express high levels of CD207 if they resided within the vaginal epithelium for a much longer time period. Of the small number of VEDCs that remained in the vagina after day 34 of irradiation, none expressed CD207 at the level of the skin LCs, regardless of whether the mice received progesterone injection or not (SI Fig. 9 ). In the skin, the long-lived host LCs maintained CD207 expression throughout the time course. Thus, these data indicated that the VEDCs were not able to up-regulate CD207 expression despite their ability to remain within the epithelial layer for Ͼ30 d.
Comparison of DC Phenotype in the Skin Vs. Vagina and in Their
Respective Draining Lymph Nodes. Our results indicated that VEDCs consisted of at least three populations, all of which repopulate from the BM precursors at steady state, and express reduced levels of CD207. To understand the nature of the respective LCs upon migration to the regional LN at steady state, we examined the phenotype of tissue-derived DCs in the cutaneous (C)LNs and vagina-draining LNs. Previous studies have indicated that CD8␣ ϩ blood DCs express intermediate levels of the CD207, whereas LC-derived cells express high levels of CD207 in the CLNs (10) . Upon arrival to the LN, epidermal LCs can be distinguished from other CD11c ϩ DC subsets by the CD4 Ϫ CD8␣ lo CD205 hi phenotype and the expression of high levels of CD207 (10) . Our flow cytometric analysis of the inguinal CLNs revealed the presence of CD207 hi DCs (SI Fig.  10B, arrowhead) , whereas the iliac LNs, which drain the vaginal tract but do not drain external skin, contained only the CD8␣ ϩ CD207 int population (SI Fig. 10A ). The LC-derived cells in the CLNs were CD8␣ Ϫ CD11b int CD205 hi and CD86 hi (SI Fig.  10B ), a phenotype consistent with a previous study (27) .
Next, we examined CD207 expression in DCs that reside within the skin and vagina in situ. Consistent with the flow cytometric data, CD207 was below the limit of detection by immunofluorescence staining on the MHC class II ϩ DCs within the internal vaginal mucosal epithelium (Fig. 4B) , whereas, in the external vaginal skin (cornified with hair follicles), epidermal LCs expressed abundant CD207 (Fig. 4A) . Correspondingly, in the CLNs, CD207 hi LC-derived cells were found within the inner paracortex of the T cell area (Fig. 4C) , as described in ref. 10 . In contrast, although the vagina-draining iliac LNs contained CD207 ϩ population that localized in the T cell area, the intensity of CD207, as well as the frequency of these cells, was much reduced (Fig. 4F ) compared with the CLNs (Fig. 4E) . These data indicate that VEDCs have reduced CD207 expression, and consequently, in the vagina-draining LNs, CD207 hi DCs are absent. It was unclear whether the reduced expression of CD207 was a feature common to other mucosal stratified epithelial layers. To examine this issue, CD207 expression was assessed in the epithelial layers of the tongue (Fig. 4C ) and the esophagus (Fig. 4D) . In contrast to the vaginal epithelial layer (Fig. 4B) , the intensity of CD207 of the LCs that reside in the tongue and esophageal epithelial layers was comparable to that of the skin LCs (Fig. 4A) . Therefore, the reduced expression of CD207 is a characteristic of only the VEDCs and not other mucosal LCs. ϩ ) in the blood and spleen, respectively (SI Fig. 11 A) . By using this technique, we examined whether Gr-1 lo or Gr-1 hi monocytes extravasate into the vaginal epithelium. Under steady state, only a few Gr-1 lo or Gr-1 hi monocytes were recruited into the vaginal epithelia after FITC bead inoculation (Fig. 5) . Monocyte-derived DCs at steady state remained only a minor population (Fig. 5A ). In contrast, under an inflammatory condition elicited by intravaginal HSV-2 infection, a large number of Gr-1 hi , and to a lesser extent Gr-1 lo , monocytes migrated into the vaginal epithelium and gave rise to CD11c ϩ MHC class II ϩ DCs (Fig. 5 A and B) . After HSV-2 infection, the total number of Gr-1 hi monocytes and Gr-1 hi monocyte-derived DCs in the vaginal epithelium increased by Ͼ50-fold (Fig. 5B) . In addition, the percentage of Gr-1 hi monocyte-derived DCs in the vagina increased by 17-fold in response to HSV-2 infection (SI Fig. 11D ), whereas the percentage of the Gr-1 hi monocytes in the blood remained constant (SI Fig. 11E ). Thus, these data indicated that, from the same frequency of circulating Gr-1 hi monocytes, these cells selectively migrated and differentiated into VEDCs in the inflamed vagina.
Characterization of VEDC Precursors
To examine whether monocytes contribute to VEDC generation at steady state in the course of a longer time period, mice were injected with Depo-Provera (SI Fig. 11C ) and treated with either PBS-lipo or Clo-lipo. VEDC populations were analyzed 12 days after FITC bead inoculation. These data indicated that Gr-1 hi and Gr-1 lo monocytes gave rise to a very minor but significant VEDC population in the absence of infection, regardless of whether mice were arrested in diestrus (SI Fig. 11C ) or undergoing normal sexual cycles (data not shown). Furthermore, we used another method to examine whether the Gr-1 hi monocytes gave rise to DCs by using the CD11c-DTR 3 WT BM chimeras. DT-induced DC depletion in the CD11c-DTR 3 WT recipients promoted efficient repopulation of lung DCs by the grafted Gr-1 hi monocytes (SI Fig. 7D ) as described in ref. 22 . In contrast, monocytes gave rise to a very small number of DCs in the vaginal epithelium and undetectable levels of skin LCs in the same animal (SI Fig. 7D ). Collectively, our data demonstrated (i) that monocytes account for a small minority of the VEDCs in the absence of infection and (ii) that Gr-1 hi and, to a lesser extent, Gr-1 lo monocytes give rise to DCs after HSV-2 infection in the vaginal mucosa.
Discussion
LCs are a specialized DC population that occupies the epidermis of the skin and the stratified epithelium of various mucosal surfaces. After lethal irradiation and BM transplantation, the skin LCs are repopulated by the stem cells of the host origin and provide a constant reservoir for the epidermal LCs and LCderived DCs found in the CLNs (11). In our current study, we showed that the DCs in the epithelium of the vagina are repopulated mostly by circulating, nonmonocyte precursors of the BM origin under steady-state condition. The VEDCs consisted of at least three distinct populations, namely, CD11b ϩ F4/ 80 hi , CD11b ϩ F4/80 int , and CD11b Ϫ F4/80 Ϫ . Also, in contrast to the LCs of the external skin and other mucosal surfaces, none of the DC populations in the vaginal epithelial layer expressed high levels of CD207. VEDCs exhibited a more activated phenotype than the skin LCs in the absence of infection or inflammation. After HSV-2 infection, the Gr-1 hi monocytes gave rise to DCs in the vaginal epithelium. Collectively, these results indicate that the lineage, homeostasis, and differentiation of the DCs in the vaginal epithelium are distinct from those of the LCs in the skin epidermis.
On the basis of their distinct rate of turnover, DC precursors that repopulate the vaginal epithelium are likely different from those that give rise to skin LCs. Selective recruitment of such distinct precursors could be mediated by differential chemokine expression patterns in the vagina vs. the skin. In the skin, several chemokines are known to be secreted constitutively, including CXC chemokine ligand 12 and CC ligand (CCL)27 (29, 30) , whereas the chemokine CCL2 is only secreted upon inflammation (31). The chemokines responsible for the recruitment of DCs into the vaginal epithelium are unknown. Our data excluded the possibility that the short half-life of the VEDCs per se renders them incapable of expressing high levels of CD207 within the vaginal microenvironment (SI Fig. 9 ). It is interesting to note that the ''skin resident'' LC precursors capable of expressing CD207 and forming Birbeck granules (11) fail to occupy a niche in the vagina but are able to repopulate the mucosal stratified epithelial layers in the tongue and esophagus.
Our analyses revealed the heterogeneous nature of the VEDCs compared with the skin LCs. As reported in ref. 32 (Fig. 2) and thus appeared to constitute a single homogenous population. In contrast, DCs in the epithelium of the vagina were found to contain at least three distinct populations based on their F4/80 and CD11b expression. All VEDCs ϩ emigrated from the lung and presented antigen to cognate CD8 T cells (33) . It will be important to determine which of the three VEDC populations migrate to the draining LN and mediate immune responses to sexually transmitted pathogens. With respect to their potential ability to participate in the generation of adaptive immune responses, we found that the VEDCs expressed higher levels of CD86 and MHC class II on the cell surface compared with skin LCs. These results raise a question as to whether such phenotypically mature VEDCs still maintain the capacity to phagocytose pathogens at the frontline of mucosal surface. VEDCs, particularly during late metestrus and early diestrus, have been shown to take up apoptotic keratinocytes (17) . Thus, it will be important to examine the role of the three distinct VEDC populations in the context of infectious agents and in the maintenance of immunological tolerance (34) within the reproductive organs.
In an effort to determine the origin of the VEDCs, we examined the ability of Gr-1 lo and Gr-1 hi monocytes to give rise to VEDCs. Our data showed that these monocyte subsets gave rise to only a minor population of the VEDC pool in the absence of infection. Even though the vaginal environment might be considered to be constitutively ''inflamed'' based on high expression of inflammatory cytokines and chemokines (35) , our data showed that inflammatory Gr-1 hi monocytes are not the major precursor of VEDCs under normal female sexual cycle. In contrast, stimuli elicited by vaginal HSV-2 infection led to the recruitment of Gr-1 hi monocytes and subsequent differentiation into VEDCs. However, our data do not exclude the possibility of nonmonocyte precursors giving rise to VEDCs after HSV-2 infection. In fact, the majority of VEDCs that accumulated in the inflamed vagina did not contain FITC beads (Fig. 5 and SI Fig.  11 ). Previous studies have identified nonmonocyte CD11c ϩ MHC class II Ϫ population in the BM and blood as a direct precursor of DCs (36, 37) . In addition, nonmonocyte pre-DCs capable of giving rise to splenic conventional (c)DCs have been found in the spleen (38) . A clonogenic BM progenitor, macrophage/DC precursor (MDP), that differentiates into monocytes, macrophages, and splenic cDCs has also been identified (39) . Both MDP and monocytes have been shown to give rise to small intestinal and lung parenchymal DCs (22) . Indeed, we observed the differentiation of small numbers of VEDCs from both Gr-1 lo and Gr-1 hi monocytes at steady state. The nature of these and other DC precursors that give rise to VEDCs in the presence or absence of inflammation needs to be addressed in future studies.
In summary, our results support the view that the DCs in the vaginal epithelia are under mucosa-specific homeostatic regulation and that they undergo recruitment and differentiation processes that are distinct from those of the LCs in the epidermis of the skin. The VEDCs renew mainly from a circulating nonmonocyte hematopoietic precursor, differentiate into three distinct populations, and are in a constitutive state of activation. So far, the role of these three LC subpopulations is unknown. It remains an intriguing possibility that the three LC populations are endowed with distinct capacity to migrate and present antigen, allowing them to serve specific roles in both defense and immunoregulation. A better understanding of the homeostasis of the VEDCs and their function in immunity and tolerance will contribute to a rational design for immunotherapy against a variety of STI agents and cancers of the reproductive organs.
Methods
Animals. Six-to 8-wk-old female C57BL6 (CD45.2 ϩ ) or congenic C57BL6 mice B6.SJL-PtprcaPep3b/BoyJ (B6.Ly5.1) (CD45.1 ϩ ) were obtained from The Jackson Laboratory and the National Cancer Institute. To maintain diestrous stage, mice were injected s.c. in the neck ruff with progesterone (Depo-Provera, Amersham Pharmacia/Upjohn) at 2 mg per mouse in a 100-l volume (7) . To synchronize the mice into estrus, they received 500 ng of 17␤-estradiol (Calbiochem) in a 100-l volume for 3 consecutive days (40) . Control mice were injected with 100 l of saline alone. In some experiments, mice pretreated with Depo-Provera were inoculated with 10 4 pfu of HSV-2 (186synϩ) intravaginally by using a previously described protocol (7) . All procedures used in this study complied with federal guidelines and institutional policies of the Yale Animal Care and Use Committee.
Isolation of DCs from the Vaginal Epithelium. The vaginal tracts of groups of mice (3-5 mice per group) were processed to obtain single-cell suspensions. Vagina was separated from urethra and cervix and incubated in 4 mg/ml Dispase II (Roche) for 60 min at 37°C to separate the epithelium from the lamina propria. These tissues were cut into small pieces and digested with 0.425 mg/ml collagenase D and 30 g/ml DNase I at 37°C for 10 min. To analyze the population in the lamina propria of vagina, the lamina propria were cut into small pieces and were further digested with 0.425 mg/ml collagenase D and 100 units/ml hyaluronidase (Sigma) and 30 g/ml DNase I (Sigma) for 60 min. The resulting cells were filtered through a 70-m filter and used for FACS analysis.
BM Transplantation. BM transplantation was conducted according to a standard method (11) . Briefly, the recipient mice were irradiated with two doses of 475 rad each, 3 h apart. BM was obtained and resuspended in sterile PBS at a concentration of 5.0 ϫ 10 7 cells/ml. Irradiated recipient mice were reconstituted with 10 7 cells of the appropriate cell suspension by i.v. injection. The reconstituted mice were maintained in a clean facility for at least 8 wk to allow for complete engraftment with donor BM, or killed at various time points for analysis of DC reconstitution in various tissues. To analyze the rate of DC turnover, CD11c hi MHC class II hi DCs from the indicated organs were isolated at the various time points after irradiation and transplantation of BM cells. These mice were injected with DepoProvera 7 days before irradiation to arrest sexual cycle, unless indicated.
Tracking FITC-Labeled Blood Monocytes to Vaginal Tissues. Five days before HSV-2 infection or mock inoculation, mice were injected with Depo-Provera. To deplete monocytes in the blood, liposomes containing clodronate (250 l per mouse) were injected into the tail vein. Clo-lipos and PBS-lipos were a gift from Roche and liposomes were generated as described in ref. 41 . Twentyfour hours after Clo-lipo or PBS-lipo treatment, FITCconjugated microspheres (0.5 m) were injected into the tail vein to label blood monocytes as described in refs. 12, 27, and 28. Forty-eight hours later, these mice were infected intravaginally with 10 4 pfu of HSV-2 (186synϩ) (42) . Epithelia of vagina were separated from the lamina propria at 3 days after HSV-2 infection and were processed and analyzed by FACS as described above.
